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Abstract 
Due to their high lightweight potential, fibre reinforced plastics have found a broad application in chemical apparatus and plant
construction. Because of improved standards for safety, reliability and cost effectiveness of such composite components, 
numerous technical challenges arise for the producers of pressure vessels, tanks, reactors and pipe element systems. In this 
context, a multitude of problems appear during recurring acceptance inspections and equipment condition monitoring using non-
destructive test methods. Promising advantages arise from novel monitoring concepts based on semi-active or even absolutely 
autarkic wireless sensor networks with so-called "sleeping sensors" as key function units with remote enquiry. These autonomous
sensor-based monitoring modules are directly integrated into the composite and start recording signals not before a defined 
threshold is increased. This article discusses the scientific-technical issues that arise during the development of such intelligent 
damage monitoring systems. This includes the sensor network design, the sensor integration during manufacturing and the 
correlation between the relevant damage mechanisms and the sensor signals. Exemplary, sensor networks are integrated in GFPR 
composites. These composites have been tested in order to demonstrate the modes of operation of the sensor techniques and their
capability to detect the relevant damage mechanisms. 
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1. Introduction 
Because of their high strength, their outstanding chemical resistance and long-term durability, fibre reinforced 
plastics (FRP) are widely used in industrial applications although their failure behaviour under complex loading 
conditions is still not sufficiently investigated [1]. This circumstance is usually compensated by overdimensioning 
FRP structures. Using structural health monitoring methods is nowadays one possibility to overcome such a 
conservative approach. Especially in chemical apparatus and plant construction, non-destructive test methods (NDT) 
are used for recurring acceptance inspections and equipment condition monitoring [2]. In many cases, the cause of 
loss cannot be determined sufficiently good because the critical information directly before damage initiation is 
missing. In addition, reliable NDT methods like radiographic analysis [3], passive acoustic methods [4], magneto-
electric inspection [5] or thermographic analysis [6] are only uncommonly used because they are time-consuming 
and not very cost effective. To use acoustic emission (AE) analysis for hydraulic or gas pressure tests of tanks, 
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pressure vessels or tube elements, the systems must be periodically deflated which is connected with high costs, too 
[7]. Moreover, the different phenomenological reasons for the transient acoustic emissions cannot be detected 
without a doubt because of the so-called Kaiser effect and missing criteria for quantitative assessment [8]. Because 
of all that reasons, the operators of pressure vessels and pipes demand for new reliable automated monitoring 
systems with a reduced effort regarding time and costs.  
In this context, promising advantages arise from novel monitoring concepts based on semi-active or even 
absolutely autarkic wireless sensor networks with so-called "sleeping sensors" as key function units with remote 
enquiry [9-11]. These autonomous sensor-based monitoring modules are directly integrated into the composite and 
start recording signals not before a defined threshold is increased. Such piezoelectric sensors are sensitive to 
pressure, impacts or jerky deformations which can be observed during the spontaneous energy release after cracking 
or delaminations. On the one hand, the application of the integrated sensor networks aims for the detection of 
temporally undetermined damage events. On the other hand, a permanent function monitoring of safety-relevant 
components is aspired. In the future, mandatory safety inspections should be partially or totally replaced by these 
integrated sensor networks. 
The scientific-technical questions that need to be solved in order to establish such intelligent damage monitoring 
systems are discussed in this paper. Among those issues are the design of a sensor based monitoring concept, the 
sensor-adapted composite manufacturing including the question if the sensors act as discontinuities that decrease the 
mechanical properties of the composite and the correlation between the relevant damage mechanisms and the 
different sensor signals. Exemplary, sensor networks with piezoelectric sensors are integrated in glass fibre 
reinforced epoxy (GF/ER) laminates and tubes. 
2. Monitoring concept based on wireless sensor networks 
The proposed monitoring concept is based on the development of sensor networks with event-driven triggering of 
the measuring procedure using piezo elements and a wireless data transmission. The sensor network consists of 
sensor nodes which are connected with each other via a modified I2C-bus with five electrical lines. Using such a bus 
technology, there are hardly any restrictions with regard to contacting and connections. Hence, the electrical 
connections can be ideally adapted to the geometry of a composite structure. Moreover, the network is connected 
with a master which communicates to a monitoring unit outside the composite (Fig. 1).  
Fig. 1. Sensor network topology 
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Every sensor node comprises a strain gauge with an attached transducer, a piezo sensor acting as wake-up-source 
and to detect oscillations after the occurrence of a damage event, a micro controller to detect and convert the signals 
of the piezo sensor and a non-volatile FRAM for individual data storage of every sensor node (Fig. 1). Inside of 
every sensor node, a subordinated I2C -bus acts as data transfer unit from the components of the node to the system. 
During the normal state without damage in the composite, the whole network is "sleeping" and requires a standby 
current of approximately 0.5 PA per sensor node. All internal units that do not have a power-save mode available 
will be deactivated for this purpose. Using a lithium-ion battery with 200 mAh and ten sensor nodes, the life cycle of 
the sensor network amounts to more than four years.  
An occurring damage event is detected by a piezo sensor and leads to the activation of the whole network. 
Thereby, every node separates from the network. The FRAM is activated and a communication between FRAM and 
micro controller is established. The sensor signals are digitised and their progression is stored in the FRAM. The 
transducer for the strain gauge is activated and a strain gauge measurement is performed. Subsequently, the micro 
controller separates from the internal I2C-bus and connects the external and the internal bus. The master enquires all 
FRAMs and all strain gauge transducers, stores the measured data in an additional memory or transmits the data to 
an outstation. The best data storage method has to be determined as the case arises. The functionality of the sensor 
network is illustrated by Fig. 2. Based on the experimental data recorded in-situ, the number of damage events, the 
damage progress and the composite property degradation can be determined. The autarkic function of every sensor 
node is very important since the measuring velocity is enormously increased. Only therewith, the measured values 
feature the same time stamp and a doubtless correlation with damage events can be performed. The dual use of the 
piezo sensor for the wake-up event and the measurement procedure saves additional space and therefore reduces 
possible imperfections in the composite structure. 
Fig. 2. Sensor network operating mode 
3. Sensor-adapted composite manufacturing 
The reproducible integration of piezo sensors, strain gauges and the peripheral equipment of the sensor network 
into the composite has to be proven. Beyond reproducibility, this also includes the evidence of exact positioning and 
functionality. By now, the direct integration ability of sensor modules based on piezo-electric materials has been 
demonstrated for many different manufacturing technologies: pressing technology [12], injection moulding [13] or 
prepreg technology [14]. Within this study, it has been shown that the sensor cells can be successfully integrated 
into composites using the RTM-technology, filament winding and prepreg technology. The functionality of the 
piezo sensors after integration has been proven by comparing the capacitance of the sensors in different states. For 
that purpose, the sensors are polarised before integration and repolarised afterwards. The serviceability of strain 
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gauges and temperature sensors can be proven by simple tests, for example by temperature detection and residual 
stress measurements while the composite is heated up. 
Fig. 3. Ultrasonic picture of a sensor cell in a GF/EP composite before testing (left) and afterwards (right)  
Above all, the possible effect of the embedded sensors cells acting as discontinuities has to be determined. In this 
context, three aspects are vitally important: (i) are delaminations, voids or cracks inserted into the composite during 
the sensor integration?; (ii) is the sensor zone origin of (additional) damage during loading?; (iii) how large is the 
(local) degradation of the mechanical properties in the sensor zone? These question have been answered in this 
study on specimen level using [0/90]s, [90/0]s and [±45]s tensile glass fibre epoxy specimens (250 mm x 30 mm) that 
were manufactured by vacuum bag moulding of prepregs in an autoclave. By means of a quality assurance 
procedure (ultrasonics and optical microscopy), it was proven that no significant initial damage occurs in the zone of 
the sensor cell (Fig. 3, Fig. 4 left). Moreover, different damage mechanisms in the composite are not observed 
except smaller delaminations directly in the sensor cell zone shortly before total failure (Fig. 4 right). 
Fig. 4. Micrographs of a [0/90]s tensile specimen with integrated sensor after manufacturing (left) and after total failure (right) 
By comparing tensile tests using specimens with and without sensor cells, it has been shown that the total amount 
of damage is approximately equal at all damage stages. Those tensile tests are additionally used to quantify the 
degradation of stiffness and strength due to the sensor integration. On the specimen level, the degradation of the 
tensile strength varies from 5% ([±45] specimens) to 20% ([90/0]s specimens). The Young's modulus degradation is 
slightly lower in the range of 5% ([0/90]s and [90/0]s specimens) to 10% ([±45] specimens) . It has to be expected 
that this phenomenon is less significant on the structural level since the ratio of "disturbed" to "undisturbed" cross 
sections is much smaller that in a specimen. Both degradations are independent of the sensor cell position in the 
thickness direction of the composite. 
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4. Damage assessment with integrated sensors 
To categorise the different damage mechanisms in brittle composites, the differentiation between the fracture 
modes fibre fracture (FF) and inter fibre fracture (IFF) is well established. Additionally, delaminations can occur 
especially if out-of-plane loading is involved. In general it is assumed that FF leads to catastrophic failure of the 
composite while IFF is not critical with respect to the load carrying capacity of the composite (except the mode 
kinking under compressive loads). The principal task for the damage monitoring concepts that results from that 
differentiation is therefore to distinguish between critical and non-critical damage. In the moment of damage 
occurrence, energy is released spontaneously. By using the direct piezo-electric effect, this mechanical energy 
release can be directly measured as it is transformed into electrically usable values. Because the different damage 
mechanisms generate different transient signals, a correlation between sensor signal and damage mode can be found.  
In order to analyse that correlation, GF/EP tensile specimens with the lay-up of [0/90]s, [90/0]s and [±45]s and
helically wounded pipes with a lay-up of ±54° are used. Damage under tension is recorded using the integrated 
sensors and acoustic emission (AE) analysis (AE system Vallen AMSY-5 of Vallen Systeme GmbH) as an 
additional verification. All composites have been tested up to total failure under different loading conditions: quasi-
static tension (flat specimens) and internal pressure, internal pressure plus quasi-static bending and internal pressure 
impuls loading (tubes). Each tensile specimen contains one piezo sensor EPZ-20MS64 inside the specimen while the 
remaining parts of the network are arranged outside. For the tubes, the sensor network has been fully integrated. The 
sensor cells are arranged periodically. Nine piezo sensors EPZ-20MS64 in three rows at three positions have been 
integrated into the tubes. 
To evaluate the ability of the integrated sensors to detect the relevant damage mechanisms, the electric voltage 
signals recorded during the tests are correlated with the mechanical data. Fig. 5 exemplifies this correlation for 
[0/90]s, and [±45]s and tensile test results. There, a scaling of the sensor signals to their maximum value was 
conducted in order to enable comparability of the data. 
Fig. 5. Stress-strain curves vs. sensor data of a [0/90]s and a [±45]s tensile specimen  
In all performed test, the sensor signal curve can be sub-divided into three stages. Firstly, the piezo voltage slightly 
increases with increasing load. In this stage with linear-elastic material behaviour no damage occurs and it can be 
assumed that the piezo voltage increase represents the axial or transverse strain increase. The second stage is 
characterised by comparatively less amplitudes with low negative values which corresponds to the onset of damage 
by transverse cracking or other diffuse damage mechanisms. The final stage starts when the voltage amplitudes 
increase both in their absolute values and their frequency. Usually, this increased sensor activity corresponds to an 
increased damage in the composite. Although the final failure occurs at yet higher stresses by fibre failure, this 
activity increase can be taken as evidence for a transfer of damage mechanisms from weak layers (e.g. with 90° 
orientation) to stronger layers (e.g. with 0° orientation) and for the occurrence of delaminations. These damage 
mechanisms are not critical each for itself but the combination of them indicate a level shortly before total failure. 
For practical cases of structural health monitoring application, the level of increased sensor activity can therefore be 
regarded as a good indicator for the occurrence of critical damage. The slightly conservative prediction corresponds 
with the request of pressure vessel producers for safety factors and additional confidence intervals. 
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5. Conclusion 
The article presented a novel damage monitoring system for composite structures based on wireless sensor 
networks. Using glass fibre reinforced epoxy composites as a characteristic example, the material-adapted 
integration of sensor networks into GF/EP composites has been proven as well as the capability of the sensor 
networks to detect the relevant damage mechanisms under mechanical loading. The proposed method can be used 
very flexible according to the different scientific issues of every specific engineering application. To achieve 
optimised monitoring results, the following aspects have to be considered: 
x sensor network design (number of sensor nodes, arrangement of strain gauges, piezo sensors etc.), 
x adaption of the sensor networks especially considering restriction from the manufacturing process (temperature, 
pressure, geometry etc.), 
x adaption of the experimental key values (thresholds, time periods, single vs. accumulated values etc.) for 
identification of all relevant damage mechanisms and 
x specification of positioning criteria, sensor interspace etc. for components with integrated sensor technique. 
Using the proposed damage monitoring system, recurring acceptance inspections can be considerably reduced as 
well as the accumulating amount of data during such an inspection. Moreover, the monitoring of composite 
structures and systems can be performed in-situ without affecting their operation modes. 
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